A follow-up study was carried out to determine whether reduced fetal growth is associated with the development of impaired glucose tolerance in men and women aged 50 years. Standard oral glucose tolerance tests were carried out on 140 men and 126 women born in Preston (Lancashire, UK) between 1935 and 1943, whose size at birth had been measured in detail. Those subjects found to have impaired glucose tolerance or non-insulin-dependent diabetes mellitus had lower birthweight, a smaller head circumference and were thinner at birth. They also had a higher ratio of placental weight to birthweight. The prevalence of impaired glucose tolerance or diabetes fell from 27 % in subjects who weighed 2.50 kg (5.5 pounds) or less at birth to 6 % in those who weighed more than 3.41 kg (7.5 pounds) (p < 0.002 after adjusting for body mass index). Plasma glucose concentrations taken at 2-h in the glucose tolerance test fell progressively as birthweight increased (p < 0.004), as did 2-h plasma insulin concentrations (p < 0.001). The trends with birthweight were independent of duration of gestation and must therefore be related to reduced rates of fetal growth. These findings confirm the association between impaired glucose tolerance in adult life and low birthweight previously reported in Hertfordshire (UK), and demonstrate it in women as well as men. It is suggested that the association reflects the long-term effects of reduced growth of the endocrine pancreas and other tissues in utero. This may be a consequence of maternal undernutrition.
A recent study of men 64 years of age showed that those who had lower birthweight and weight at one year of age had a higher prevalence of non-insulin-dependent diabetes mellitus in adult life [1] . Among these men, who lived in the county of Hertfordshire (UK), the percentage who had either non-insulin-dependent diabetes mellitus or impaired glucose tolerance fell progressively from 40 % in those whose birthweight was 2.50 kg (5.5 pounds) or less to 14% in those whose birthweight was 4.31kg (9.5 pounds) or more. These trends were independent of current body mass and socio-economic status. They are interpreted as the long-term effects of nutritional and other factors which reduce fetal and infant growth and impair the development of the endocrine pancreas and other tissnes.
We describe here a study carried out to confirm the relationship between lower birthweight and impaired glucose tolerance in another population. The subjects were men and women aged 50 years. In the Hertfordshire study women were not included because tracing them is made more difficult by their change of name at marriage. In the Hertfordshire birth records the only recorded measurement of the baby was birthweight. We therefore studied men and women born in a hospital where other birth measurements and the duration of gestation were recorded.
Subjects and methods
A standardised record form was kept for each woman admitted to the maternity ward at Sharoe Green Hospital, Preston (Lancashire, UK) between 1935 and 1943. The record included the date of the mother's last menstrual period and the baby's birthweight, placental weight, length from crown to heel, and head circumference. Weights were measured in pounds (1 pound = 0.45 kg) and lengths and head circumferences in inches (1 inch = 2.54 cm).
As described in a previous publication [2] we used the National Health Service central register to trace all babies born in the hospital between 1935 and 1943. We traced 1122 (86 %), of whom 503 were still living in the county of Lancashire 449 of these took part in our first study of blood pressure. They agreed to be interviewed at home and were visited by one of three fieldworkers. The fieldworker had not seen the birth data recorded for the person. Height was measured with a portable stadiometer and weight with a portable Seca scale. The waist circumference and hip girth were measured. The father's occupation was used to define social class at birth, and current social class was derived from the subject's or husband's occupation.
After the interview the 393 subjects who lived in or close to Preston were asked to come to Sharoe Green Hospital-in the morning following an overnight fast to have a blood sample taken. Six subjects previously diagnosed with diabetes were excluded. Of those asked 281 complied, and 266 (69%) agreed to undergo a 75-g oral glucose tolerance test. Measurements on the blood samples included plasma glucose and insulin concentrations at 0, 30 and 120 min and proinsulin and 32-33 split proinsulin concentrations at zero time. Plasma glucose was measured by a hexokinase method [3] . Plasma insulin, proinsulin and 32-33 split proinsulin concentrations were determined by two site immunometric assays with either 125I or alkaline phosphatase as labels [4, 5] . The insulin assay was standardised against the first International Reference Preparation coded 66/304 and the intact and split proinsulin assays against standards obtained from Lilly Research Laboratories (Indianapolis, Ind., USA).
Statistical analysis
The measurements of glucose, insulin, proinsulin and 32-33 split proinsulin have skewed distributions and we therefore transformed them in the analysis by using logarithms. Multiple linear and logistic regression were used to analyse the data.
Results
The age of the 266 men and women in Preston ranged from 46 to 54 years, with a mean of 50 years. Of these, 29 (11 men and 18 women) had impaired glucose tolerance, defined as a 2-h plasma glucose concentration of 7.8 to 11.0 mmol/1, and five (three men and two women) had newly-diagnosed non-insulin-dependent diabetes, defined as a 2-h plasma glucose concentration of 11.1 mmol/1 or more. The subjects with non-insulin-dependent diabetes had a higher mean body mass index than those with impaired glucose tolerance, 36 kg/m 2 in the men and 31 kg/m 2 in the women compared with 30 and 27 kg/m 2, respectively. Compared with the other 232 men and women, and adjusting for the unequal number of men and women, the 34 subjects with either impaired glucose tolerance or non-insulin-dependent diabetes were 5.0 cm shorter in stature, 5.1 kg heavier in weight and had a 3.5 kg/m 2 higher BMI, and a 4.1% higher waist to hip ratio (Table 1) . Their mean birthweight was 0.3 kg less but there was no difference in duration of gestation, which was estimated from the date of the mother's last menstrual period. There was no difference in mean placental weight but the placental weight to birthweight ratio was 0.021 higher. Mean head circumference was 0.9 cm smaller. A small difference was observed in mean length but the ponderal index (weight/length 3) was 1.6 kg/m 3 lower. All the differences, except for that in length, were statistically significant. Table 1 shows that the differences occurred both in men and women. Table 2 shows that the prevalence of impaired glucose tolerance and non-insulin-dependent diabetes fell progressively from 27 % in men and women whose birthweights were 2.50 kg (5.5 pounds) or less to 6 % in those whose birthweights were more than 3.41 kg (7.5 pounds). Adjusting for BMI the odds ratios fell from 6.4 to 1.0. Men and women showed similar trends. The subjects were divided into four groups with approximately equal numbers of subjects, according to their ponderal index. The values of ponderal index were up to 21, 23, 25, and more than 25 kg/m 3. The prevalence of impaired glucose tolerance and diabetes fell from 23 % to 11% to 8 % to 7 %, respectively.
Plasma glucose concentrations at 2-h fell with increasing birthweight (p = 0.002, after adjusting for BMI and sex). There was a similar trend in 2-h plasma insulin concentrations (p = 0.0002). Mean values were higher in women and results for men and women are shown separately in Table 3 . The trends were changed only slightly by adjustment for duration of gestation. Plasma glucose concentrations at 30-min also fell with increasing birthweight (p = 0.003). Plasma insulin concentrations at 30-rain showed no trend. Fasting plasma glucose concentrations tended to fall with increasing birthweight though this trend was weak and not statistically significant. Fasting plasma insulin concentrations did not change with birthweight. Fasting plasma proinsulin concentrations fell with increasing birthweight (p = 0.04, Table 3 ). Fasting plasma 32-33 split proinsulin concentrations were not related to birthweight, but half of the values were below the level of detection by the assay.
In a previous analysis of the Preston subjects, of birth measurements in relation to later blood pressure, a high ratio of head circumference to length was used to define babies who were short at birth [6] . We used multiple regressions to analyse the independent effects of shortness and of thinness, defined by a low ponderal index, on 2-h plasma glucose and insulin concentrations, taking account of body mass. A high head circumference to length ratio was associated with both raised 2-h plasma glucose (p = 0.09) and insulin concentrations (p = 0.01). A low ponderal index was independently associated with raised 2-h plasma glucose (p = 0.01) and insulin concentrations (p = 0.01).
In Table 4 the men and women have been divided by quartiles of the ratio of placental weight to birthweight. Plasma glucose and 2-h insulin concentrations rose from the lowest to the highest fourths (p = 0.01 and 0.006 respectively). The trends in both sexes were similar. There were no corresponding changes in 30-rain or fasting plasma glucose and insulin concentrations, nor with proinsulin concentrations.
The prevalence of impaired glucose tolerance and diabetes, and the concentrations of plasma glucose, insulin and proinsulin were similar in each social class, defined currently or at birth. The associations with birthweight were seen in each social class group.
Discussion
These findings confirm and extend the observations made in our previous study of an older group of men living in Hertfordshire. They confirm that impaired glucose tolerance and non-insulin-dependent diabetes in adult life are associated with lower birthweight in people living in another part of the country and in women as well as men. This strengthens the conclusion that the association is not due to unknown confounding variables. This conclusion is further strengthened by the recent finding that 30-rain plasma glucose concentrations were inversely related to birthweight in 21-year-old men [7] .
As in the Hertfordshire study 2-h plasma glucose and insulin concentrations fell as birthweight increased and 30-rain plasma glucose concentrations showed a similar trend. Glucose and insulin concentrations fell progres-sively up to the highest birthweights. In Preston only three babies reached weights of more than 4.31 kg (9.5 pounds). In Hertfordshire, however, there were 28 babies of this weight, and they had the lowest 2-h plasma glucose concentrations. Since mothers with diabetes in pregnancy tend to have large babies one might expect some large babies to show evidence of impaired glucose metabolism. This effect may not be apparent because the numbers of such babies are small in relation to the number of babies who are heavy because of good fetal nutrition. In both Preston and Hertfordshire there was a fall in plasma proinsulin concentrations with birthweight, though this was not statistically significant in Hertfordshire. We do not know whether this association reflects insulin deficiency, as a consequence of poor fetal growth, or insulin resistance.
In Hertfordshire the only measurement recorded at birth was birthweight. The birth records in Preston were more detailed and included duration of gestation, head circumference, length and placental weight. The trends with birthweight in prevalence of impaired glucose tolerance or diabetes and in 2-h plasma glucose and insulin concentrations were independent of duration of gestation. They must therefore be related to reduced rates of fetal growth. Our findings show that raised 2-h plasma glucose and insulin concentrations are found in two groups of babies, with different patterns of impaired fetal growth. One group is thin at birth, as shown by a low ponderal index. A recent study showed that such babies have a raised fetal heart rate at 18 weeks [8] , which suggests that their reduced fetal growth begins in early gestation. The other group of babies are short in relation to their head size, an asymmetrical pattern of development thought to reflect reduced growth in late gestation. We are currently studying these two groups in more detail to determine if their glucose and insulin metabolism differs.
Men and women with impaired glucose tolerance and non-insulin-dependent diabetes had a high ratio of placental weight to birthweight. Plasma glucose and insulin concentrations taken at 2-h rose as this ratio increased. Disproportionately large placental size may be a consequence of maternal under-nutrition. It occurs in babies whose mothers were anaemic during pregnancy [9, 10] and can be produced in sheep by depriving the ewe of food in early pregnancy [11, 12] . Impaired glucose tolerance and non-insulin-dependent diabetes may therefore be a consequence of maternal under-nutrition.
